We acquire and compare three-dimensional tomographic breast images of three females with suspicious masses using diffuse optical tomography ͑DOT͒ and positron emission tomography ͑PET͒. Co-registration of DOT and PET images was facilitated by a mutual information maximization algorithm. We also compared DOT and whole-body PET images of 14 patients with breast abnormalities. Positive correlations were found between total hemoglobin concentration and tissue scattering measured by DOT, and fluorodeoxyglucose ͑ 18 F-FDG͒ uptake. In light of these observations, we suggest potential benefits of combining both PET and DOT for characterization of breast lesions.
I. INTRODUCTION
Breast cancer characterization and diagnosis is an active subfield of diffuse optics research.
1-8 Diffuse optical tomography ͑DOT͒, in particular, offers the possibility for noninvasive imaging of functional information about tumor physiology. 9 Recently, experimenters have begun to compare and incorporate traditional medical diagnostics such as magnetic resonance imaging ͑MRI͒, [10] [11] [12] ultrasound, 13 and x-ray mammography 14 with the optical measurement. A typical approach is to combine a higher resolution modality, such as x-ray computed tomography ͑CT͒ or MRI to gain structural information, with a functional modality, such as DOT. In some studies, the structural details are used as a priori information to aid the optical reconstruction. [11] [12] [13] In this article we compare DOT with positron emission tomography ͑PET͒, a clinically useful imaging modality that employs the uptake of radiopharmaceuticals such as fluorodeoxyglucose ͑ 18 F-FDG͒ to determine tissue metabolic activity. The increased metabolic rate of most tumors compared to normal tissue provides a basis for their detectability by 18 F-FDG PET. [15] [16] [17] [18] Unlike x-ray computed tomography, ultrasound, and MRI, which are typically combined with DOT in order to provide anatomical structure, DOT and PET primarily measure physiological characteristics of tissue. Thus, the potential advantages of combining DOT and PET for breast imaging center largely on functional characterization. The ability to image tissue oxygen saturation ͑StO 2 ͒ in addition to 18 F-FDG uptake, for example, may provide insight about the relationship between glucose metabolism and hypoxia. Hypoxic tumors are often more resistant to therapy, [19] [20] [21] and thus determination of tumor oxygenation status might afford improved disease management. [22] [23] [24] [25] Increased 18 F-FDG uptake is generally associated with hypoxia, because a lack of oxygen can lead to the anaerobic metabolism of glucose. However, some nonhypoxic tumors have high rates of glucose metabolism, and chronic hypoxia can lead to decreases in glucose metabolism. Thus 18 F-FDG PET alone is not a reliable measure of tissue hypoxia. This observation has lead to recent research using nitroimidazole tracers such as 18 F-fluoromisonidazole to measure tumor hypoxia in variety of cancers including breast cancer. 26, 27 Diffuse optical methods measure tissue oxygenation using endogenous contrast. Thus they are not subject to variations in tracer uptake due to physiological factors such as poor perfusion, 28 nor do they require the subject to return to the hospital another day for injection and scan of a second tracer. While the relationship between StO 2 and the partial pressure of oxygen ͑pO 2 ͒ is nonlinear and depends on other factors ͑e.g., pH, and temperature͒, the relationship is monotonic, so that high/low values of StO 2 in a lesion with respect to the surrounding tissue imply corresponding high/low relative values of pO 2 . The relative rate of oxygen metabolism in tumors can also be probed by diffuse optical methods, 29 and might in the future provide a means to study the relationship between 18 F-FDG kinetics and oxygen metabolism. A high rate of glucose consumption without a high rate of oxygen metabolism would imply that some glucose is being metabolized inefficiently, presumably due to an insufficient supply of oxygen. In addition, co-registration of total hemoglobin concentration, blood oxygenation and glucose metabolism affords a method for increased tumor sensitivity and specificity compared to the stand-alone modalities based on changes of one tissue metabolic parameter. It is reasonable to expect that increases in glucose metabolism require more blood for glucose and oxygen delivery, and therefore should be accompanied by increases in total hemoglobin concentration. In fact, 18 F-FDG uptake has already been shown to correlate well with the uptake of a tumor blood-flow-specific tracer in breast cancer. 30, 31 If a strong correlation between hemoglobin concentration and glucose consumption exists, it could have two major clinical consequences. First, PET will be well suited to validate DOT results. This is important because, unlike PET, DOT is still in its initial research phase and has not as yet been fully translated to the clinic. Second, DOT is a noninvasive and relatively low cost methodology, making it ideal for routine monitoring and widespread use. Several case studies along these lines have explored the use of optical methods to monitor neoadjuvant chemotherapy of locally advanced breast cancers. [32] [33] [34] On the other hand, even though PET images after the first round of chemotherapy are demonstrably strong indicators of treatment efficacy in breast cancer patients, [35] [36] [37] [38] [39] [40] and PET scans after treatment can help predict clinical outcomes, 41, 42 these scans are expensive and require the administration of radioactive material, rendering them impractical for routine monitoring. If DOT and PET results are correlated, DOT's potential for breast cancer treatment monitoring would be enhanced. In this study, the feasibility of multi-modal DOT and PET for breast cancer imaging is demonstrated for the first time. We co-register three-dimensional ͑3D͒ DOT images from three subjects with 3D PET images derived from a dedicated breast-only PET scanner. We also compare 3D DOT images from 14 subjects with results from corresponding wholebody PET images. Contrast in total hemoglobin concentration ͑THC͒, scattering ͑ s Ј͒, overall optical attenuation ͑ eff ͒, and an optical index are found to correlate with contrast of 18 F-FDG uptake in whole-body PET images. Changes in tissue blood oxygenation ͑StO 2 ͒ are small and are uncorrelated with 18 F-FDG contrast in the whole-body PET images. Coregistered breast-only PET and DOT images tended to show THC, s Ј, eff , optical index, and 18 F-FDG contrast in the same spatial locations. However, with only three breast-only PET subjects, statistical correlations could not be made.
II. METHODS

II.A. DOT instrumentation
Our DOT imaging device is a hybrid system. The instrument takes both continuous-wave transmission and frequency-domain remission measurements at six nearinfrared wave-lengths in the parallel-plane soft-compression geometry. This device has been extensively characterized for use in breast imaging.
1, 32 We summarize its major features here.
The patient lies in a prone position with her breasts inside a box with an anti-reflection coated glass window on the detector side. A compression plate holds the breast in place against the viewing window by mildly compressing the breast to a thickness between 5.5 and 7.5 cm. The box is then filled with a matching fluid with optical properties similar to human breast. The matching fluid consists of water, india ink ͑Black India 4415, Sanford, Bellwood, IL͒ for absorption, and a fat emulsion ͑Lyposyn III 30%, Abbott Laboratories, Chicage, IL͒ for scattering.
Six diode lasers ͑650, 690, 750, 786, 830, 905 nm͒, four of which ͑690, 750, 786, 830 nm͒ are intensity modulated at 70 MHz, are connected via optical fibers and series of optical switches ͑DiCon Fiber Optics, Richmond, CA͒ to 45 source positions located on the compression plate. The source positions form a 9 ϫ 5 grid with a separation of 1.6 cm between nearest neighbors. The breast is scanned by serially guiding the light from each laser to each source position. A set of measurements for each laser/source-position combination is then obtained.
For remission detection, nine homodyne frequency domain detector units 43 are connected to the compression plate by a 3ϫ 3 grid of 3 mm detector fibers with a spacing of 1.6 cm. Each unit contains an avalanche photodiode, and utilizes a homodyne technique to derive the amplitude and phase of the detected signal. For transmission detection, a charge coupled device ͑CCD͒ camera ͑Roper Scientific, Trenton, NJ, VersArray:1300F͒ is focused on the viewing window. A 24ϫ 41 grid of 984 pixels is selected from the CCD chip. It measures the continuous wave light intensity at locations on the viewing window with a spacing of ϳ3 mm.
II.B. DOT image reconstruction
Our multi-spectral approach permits us to solve directly for oxy-and deoxy-hemoglobin concentrations via decomposition of the absorption coefficient into contributions from individual chromophores, assuming a simple Mie-scattering approximation for the reduced scattering coefficient. We implemented this approach by modifying TOAST ͑time-resolved optical absorption and scattering tomography͒ software in order to utilize multi-spectral continuous wave data. 44 Since our algorithm has already been reported, 45 we briefly summarize the method here.
The propagation of near-infrared light in biological media is modeled by a diffusion equation. 9 In the frequency domain, the equation has the form
Here ⌽ is the photon fluence rate, is the wavelength of light source, is the frequency at which the light source is intensity modulated ͑ = 0 for continuous wave measurements͒, q o is the light source distribution, and c is the speed of light. The optical properties of the breast are described by the light diffusion coefficient D Ϸ 1 / 3 s Ј ͑ s Ј is the reduced scattering coefficient͒, the absorption coefficient a , and the tissue index of refraction n. We model the absorption coefficient as sum of the absorption from the individual chromophores ͑Hb, HbO 2 , water, and lipids͒ in the breast, i.e.,
Here c i is the concentration of the ith chromophore, and ⑀ i ͑͒ is the corresponding wavelength dependent extinction coefficient.
We model the wavelength dependence of the reduced scattering coefficient using simplified Mie-scattering theory. 46, 47 A scattering prefactor A depends primarily on the number and size of scatterers, and a scattering exponent b depends on the size of the scatterers. They are combined as follows:
Our strategy is to reconstruct spatial maps of A, b, and the chromophore concentrations, by minimizing the difference between measured data and predictions of the diffusion model. Two scans are made for each breast: a reference scan in which the tank is filled with matching fluid only, and a scan with the breast immersed in matching fluid. We fit data from the frequency domain measurements of the breast to an analytic solution of the diffusion equation for a homogeneous medium in the slab geometry to obtain estimates of the average chromophore concentrations, scattering prefactor A, and scattering power b inside the breast. The absorption due to volume concentrations of water ͑31%͒ and lipid ͑57%͒ in the breast is held fixed, based on values from the literature. [48] [49] [50] The optical properties of the matching fluid are determined independently by fitting the frequency domain measurements of the reference scan.
A photograph of the compressed breast is taken just before the scan. It allows us to segment the imaging volume into breast and matching fluid regions. Using average results for the breast as an initial guess, we then employ a nonlinear conjugate gradient algorithm to solve directly for 3D tomographic maps of the chromophore concentrations and scattering prefactor A inside the breast. The scattering amplitude b is held fixed at its bulk value, as are the optical properties of the matching fluid region. At each iteration, a finite element solver predicts the detected continuous wave light intensity based on the current maps of chromophore concentrations, and these maps are then updated in order to minimize a 2 which represents the difference between measured and predicted values of light exiting the breast. Finally, the resulting maps are combined to form images of total hemoglobin concentration ͓THC͑r͒ = C Hb ͑r͒ + C HbO 2 ͑r͔͒, blood oxygen saturation ͓StO 2 ͑r͒ = C HbO 2 ͑r͒ / THC͑r͔͒, reduced scattering coef-
= ͱ a ͑r͒ / D͑r͔͒, and an empirical optical index ͓OI͑r͒ = rTHC͑r͒ ϫ r s Ј͑r͒ / rStO 2 ͑r͔͒.
II.C. Whole-body PET
Commercially available whole-body PET tomographs achieve high sensitivity to 511 KeV annihilation photon pairs using a cylindrical configuration of detectors surrounding the patient. The imaging instrument used for acquisition of whole-body PET images in this study was an Allegro scanner ͑Philips Medical Systems͒, with an axial field of view ͑FOV͒ of 18 cm, a trans-axial FOV of 56 cm, and a ring diameter of 86.4 cm at the surface of the detectors. The scanner exhibits 5 mm spatial resolution ͑i.e. full width at half maximum of a point source͒, and a sensitivity of 4.4 cps/ kBq. 51 Patients fasted for at least 4 h prior to the scan. Each scan was initiated 60 min after intravenous administration of 18 F-FDG with a dose of 5.2 MBq/ kg. Sequential overlapping scans were acquired to cover the body from neck to pelvis, as the patient lay supine on the bed. Transmission scans obtained with a 137 Cs point source were interleaved between the multiple emission scans to correct for nonuniform attenuation of the 511 KeV photons by the patients body and the bed.
The detected photon-pair events were reconstructed to produce an image using a fully 3D iterative reconstruction technique, the row-action maximum likelihood algorithm ͑3D RAMLA͒. 52 This algorithm includes correction for attenuation in the system model. Scatter and randoms correction are performed in addition to produce quantitative images.
II.D. Breast-only PET
The ability to image breast cancer with 18 F-FDG PET has led to the development of a dedicated breast imaging PET scanner, BPET. 53, 54 In a whole-body scanner, the 511 KeV photons emitted from the breast are attenuated by the body, reducing the scanner's sensitivity to breast lesions. In contrast, a dedicated breast scanner permits the breast to be imaged with significant reduction in attenuation, i.e., by about a factor of 10. As with the DOT device, the woman lies prone on a table with an opening to allow the breast to drop between two detectors whose separation distance can be adjusted to accommodate different sized breasts.
The scanner is composed of two curved plate NaI͑Tl͒ detectors of 1.9 cm thickness each with an active area of 28 ϫ 21 cm 2 . By positioning the detectors close to the breast, a large solid angle can be covered, optimizing the system's sensitivity for a split ring configuration. However, this configuration leads to the loss of data from the 511 KeV photons arriving at angles not covered by the detector plates. In fact, for a typical separation of 20 cm the angular coverage of 180°corresponds to 1 / 2 of complete angular acceptance. This geometry requires the use of a limited angle reconstruction which we perform using a modified version of 3D RAMLA that compensates for the missing data.
The spatial resolution of the system varies from 3.8 mm ͑radially at center͒ to 4.5 mm ͑radially at r =5 cm͒ in comparison to uniform 5 mm for the Allegro scanner. Phantom measurements have demonstrated superior contrast recovery for BPET compared to Allegro as a result of the improved spatial resolution, despite the loss of data due to the limited angle geometry. In addition, a pilot study of 20 patients imaged with both Allegro and BPET demonstrated good correlation in lesion detectability, but overall better detail in the breast lesions was achieved in the BPET images. 
II.E. Subject protocol
Informed consent was given by all DOT and BPET patients in accordance with the University of Pennsylvania Institutional Review Board. Out of the 30 patients who received both DOT and whole-body PET scans, we selected the 14 who had not received a biopsy or any form of treatment between the dates of the DOT and PET scans. For 12 of these patients, the two scans were on the same day. For the other two, the scans were separated by four and 13 days.
To date, three of the 30 patients have also been successfully scanned with our prototype BPET instrument in addition to receiving the whole-body PET scan. The geometries of the DOT and BPET instruments are similar, with the patient lying prone with sources/detectors towards the head and feet, allowing us to co-register the images using a deformation algorithm ͑see Sec. V͒. Unfortunately, two of these patients received core biopsies between the DOT and BPET measurements. Nevertheless, given the potential advantages of co-registering the images, we include results for all three BPET patients in this preliminary study.
II.F. Image co-registration
Co-registration of DOT and BPET images makes possible comparison of specific regions of the BPET images with their corresponding regions in DOT images. Co-registration also enables one to determine to what extent lesions appear in the same spatial locations for the two modalities. Although the images were acquired with separate stand-alone scanners, the similar geometries of the scanners made co-registration possible, though the problem was made more challenging because the breast hangs freely in the BPET scanner, while in the DOT scanner, the breast is mildly compressed ͑to a thickness between 5.5 and 7.5 cm͒.
The 3D-DOT/3D-PET image registration presents new challenges and there is no standard of co-registration today to validate against. We have conducted initial patient and phantom validation studies [56] [57] [58] [59] for 3D-DOT/3D-MR image registration which confirm the accuracy of our algorithm.
The method is automatic with little prior user interaction required. It is robust enough to handle a majority of patient cases and computationally efficient for practical applicability. We briefly review the major features of the registration algorithm below.
The DOT images are reconstructed on finite element meshes containing on average 50 000 nodes and 200 000 tetrahedral elements. Each node is associated with a set of reconstructed physiological parameters ͑e.g., THC, StO 2 , and s Ј͒. To facilitate registration of DOT to PET images, we first determine these physiological values on a 3D voxelized sample volume. Each voxel is given an interpolated value calculated from the shape functions within the tetrahedral element that contains the center point of that specific voxel.
Once the DOT image has been interpolated onto the voxels, it is co-registered with the PET image using a combination of the methods demonstrated in Refs. 60 and 61. First we compute two-dimensional ͑2D͒ projection images for both the DOT and PET images. Second, we define a similarity measure 62 to compute the amount of mutual information between the 2D DOT and PET projections. We then maximize this measure by warping the DOT image volume. An optimization scheme searches through a nine-dimensional parameter space consisting of rigid body motion ͑translation and rotation͒, and independent linear scaling in all three dimensions. In this way, the projection images are registered within a 2D space, which is a subset of the 3D space of the original registration transformations. We perform these registrations successively for three mutually orthogonal projection geometries in order to estimate all registration parameters. We further optimize the performance of projection and 2D-2D registration similarity computation using graphics processing units. A general validation of our approach can be found in Ref. 63 . Figure 1 shows cross sections of a 3D reconstructed breast image before and after co-registration. The reconstructed image shown in the left column corresponds to the actual DOT measurement geometry in which the breast is compressed axially. The right column shows the same reconstructed image after being co-registered by the volume warping algorithm. Once the co-registration was completed, the location of the lesion was determined by looking at the BPET image. An ellipsoidal volume corresponding to the lesion was chosen as the region of interest ͑ROI͒, and this exact same ROI was selected in the DOT images.
The situation with whole-body PET is different. During whole-body PET scans, the patient lies in a supine position, as opposed the prone position of the DOT and BPET scanners. In the supine position, the breast is compressed against the chest, and deforms unpredictably. Generally, rigid body motion and linear scaling cannot account for all of these deformations. As a result, when comparing DOT images to those from whole-body PET scans we are unable to coregister the images.
III. RESULTS
III.A. DOT and BPET Results
Axial slices from the co-registered images of the three patients receiving both DOT and BPET scans appear in Fig.  2 . Regions of interest determined from the PET images are denoted by dashed ellipses.
Subject A had a suspicious mass in her right breast. A core biopsy performed five weeks before DOT and BPET imaging revealed a ductal carcinoma in situ, with some evidence of invasive carcinoma as well. Biopsy marks were still visible the day imaging was performed. Digital mammography and MRI ͑performed the same day as DOT and BPET͒ saw some enhancement, while ultrasound ͑also the same day͒ had no suspicious findings. The BPET image shows increased FDG uptake above the nipple. The DOT images show an increase in THC, s Ј, eff , and optical index in this same location. A subsequent biopsy indicated that ductal carcinoma in situ was still present on the day the imaging was performed.
Subject B had a palpable mass in the subareolar region of the left breast. The mass ͑ϳ3 cm across͒ was visible to both x-ray CT and ultrasound. DOT images indicate an increase in THC, s Ј, eff , and optical index at the location of the mass, as well as a decrease in StO 2 slightly above this region. An exicisional biopsy of the mass ͑performed later during the same day as the DOT exam͒ revealed a hemorrhage in its center, consistent with the increase in THC seen by DOT. The lesion was diagnosed as a partially organized abscess with no carcinoma present. BPET was performed 11 days later. The increase in FDG uptake was due to a postsurgical seroma. This collection of serous fluid was located in the same position as the mass which was removed.
Subject C had multiple masses of concern. A core biopsy revealed invasive ductal carcinoma. BPET was performed about a month before the biopsy. FDG uptake is clearly visible. Unfortunately, DOT was not performed until one month after the biopsy ͑i.e., two months after BPET͒. Most notable in the DOT image, is an increase in THC, s Ј, eff , and optical index along with a decrease in StO 2 in the region above the nipple. A subsequent exicisional biopsy showed that invasive ductal carcinoma was still present at the location of the original biopsy at the time of the DOT measurement.
The co-registered images in Fig. 2 show qualitatively that DOT parameters ͑with the exception of StO 2 ͒ are above average in the ROIs determined from BPET. To quantify this observation, we performed the following analysis. For each DOT image, we calculate the average value of particular image parameters for all voxels in the entire breast and for all voxels in the ROI. The tumor-to-background ratio ͑TBR͒ is defined as the ratio between these two values. Results are shown in Table I . The optical index parameter shows the greatest contrast ͑TBR= 1.5-1.7͒. THC, s Ј, and eff exhibit somewhat less contrast ͑TBR= 1.1-1.4͒, while very little variation in StO 2 is observed ͑TBRХ 1.0͒.
III.B. DOT and whole-body PET results
In this preliminary study, we compared lesions that were visible in both DOT and PET, without trying to classify them as cancerous or benign based on imaging alone. Out of the 14 subjects measured, contrast was visible in both DOT and PET images for nine subjects, neither DOT nor PET for two subjects, and PET only for three subjects. When contrast was seen in the DOT images it always appeared in THC, s Ј, eff , and optical index. Significant contrast was never observed in StO 2 . Representative images from a patient with invasive ductal carcinoma are shown in Fig. 3 .
We compared these results with the pathology reports from biopsies taken after imaging. A summary of the results is found in Table II . Of the nine subjects who showed both DOT and PET contrast, histopathology confirmed invasive ductal carcinoma ͑IDC͒ with ductal carcinoma in situ ͑DCIS͒ in seven subjects, DCIS only in one subject, and normal breast tissue in one subject. In one of the subjects with IDC, two distinct lesions were visible with PET, but only the larger one was visible with DOT. For the subject with normal breast tissue, the increase in FDG uptake was located at a previous surgical site, and was due to a post-excisional inflammation. This inflammation was visible in the DOT images as well. Of the two subjects who showed neither DOT or PET contrast, one had a possible lipoma ͑benign͒, and the other had a cyst. Of the three subjects who showed contrast in PET but not in DOT, one had IDC and DCIS, one had a cyst ͑superficial and probably infected͒, and one did not receive a biopsy after negative findings from both ultrasound and MRI. For this subject, the uptake of FDG was diffuse, i.e., no clear focus of FDG uptake was visible.
We also made a quantitative comparison of the tumor-tobackground ratio ͑TBR͒ in the DOT and whole-body PET images. For each image, we identified the voxel in the tumor region with the maximum value. The corresponding ROI consisted of a 1-cm-diameter circular region around this pixel. Correlations between contrast ratios in FDG and DOT are shown in Fig. 4 . A positive correlation ͑p value Ͻ0.05͒ was found between FDG uptake and THC, s Ј, eff , and optical index. However, correlation coefficients for these parameters were not particularly high ͑R = 0.67-0.76͒. In addition to calculating contrast ratios, we also determined the mean and maximum standardized uptake values ͑SUVs͒ for the PET scans. We found that use of SUVs, as opposed to contrast ratios, had little effect on the correlations with DOT 3 . Axial, sagittal, and coronal slices from the PET ͑FDG͒ and DOT ͑ eff ͒ reconstructed images of subject 4. The orientation for the PET and DOT images is the same. However, the DOT images are of the left breast only, whereas the entire torso is shown in the PET images. Rectangular boxes denote the breast region in the whole-body PET images.
parameters. We also compared tumor-to-background ratio variation with age, tumor grade, and tumor size. Significant correlations were not found.
IV. DISCUSSION
Our reconstructed DOT images show increases in both total hemoglobin concentration and scattering at tumor locations. Furthermore, the initial DOT/PET comparisons demonstrate these enhancements are located in approximately the same spatial locations ͑as shown by co-registering BPET images͒ and are correlated in intensity ͑as shown by analysis with whole-body PET images.͒ The principle source of the scattering of near-infrared light in tissue is believed to come from cellular organelles, particularly mitochondria. Since mitochondria are responsible for cellular metabolism, it is perhaps not surprising that an increase in glucose metabolism as measured by FDG uptake would be accompanied by an increase in the scattering of near-infrared light. One might also expect increases in FDG uptake to be accompanied by increases in blood volume to help supply tumors that have high metabolic rates. Recently Semple et al. explored the relationship between vascular and metabolic characteristics of primary breast tumors using FDG PET and dynamic contrastenhanced MRI. 64 Their findings suggest the amount of FDG uptake is affected by the vascular characteristics of the tumor. It is also possible that there is some absorption-scatter image cross-talk in the DOT images due to the fact the wavelengths used in our DOT scanner are not optimal for separating THC from s Ј in the reconstructed images. 45 However, our 3D simulations with noise in the same geometry have cross-talk of less than 20% between THC and scattering. Thus, although there remains some quantitative uncertainties about the relative contributions of THC and s Ј contrast to our DOT reconstructed images, the results clearly demonstrate that the increase in overall optical attenuation eff and optical index, due to the combination of absorption and scattering, is closely linked to the uptake of FDG.
In contrast to scattering and total hemoglobin concentration, StO 2 showed little contrast. This result casts doubt on one of the long-range motivations for this study, i.e., use of DOT and PET to examine the relationship between glucose metabolism and tumor oxygen status. We note, however, that the numbers of patients examined here are small, and the situation might be quite different for different tumor types or tissue disease.
In order to determine if a lesion was visible in a DOT image, we first consulted the radiologists' reports from other imaging modalities ͑x-ray mammogram, ultrasound, MRI, and PET͒ to define the approximate location of the lesion. We then made a visual assessment of whether there was a change in that area of the breast. Whenever a change was visible, it occurred as an increase in both THC and scattering ͑and thus eff and optical index as well͒. We did not see significant changes in tissue blood oxygenation ͑StO 2 ͒ for any patients.
In this study we compared DOT and PET images with results from pathology. However, since predicting the outcome of treatment is a major potential of metabolic imaging, future studies will be needed to monitor therapy and track the final clinical outcomes for patients. In order to learn what factors influence the degree of correlation between glucose metabolism and DOT parameters, a larger group of patient volunteers will be needed.
V. CONCLUSION
We compared reconstructed DOT breast images with images from both a commercial whole-body PET scanner, and a prototype breast-only PET scanner. The similarity of acquisition geometries between the DOT and breast-only PET scanners made it possible to co-register images from the two separate scanners by deforming the DOT image with a volume warping algorithm. This scheme permitted us to compare images at specific locations. Images acquired with both PET scanners showed a correspondence between FDG uptake and DOT parameters. Comparison with breast-only PET demonstrated similar spatial locations of lesions, whereas whole-body PET demonstrated a correlation in tumor contrast. To our knowledge these are the first direct comparisons of DOT and PET images for breast cancer. The work demonstrates the feasibility of this multi-modal approach.
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